A number of polydactylous mouse mutants indicate that misexpression of Shh is a common requirement for generating extra digits. Here we identify a translocation breakpoint in a PPD patient and a transgenic insertion site in the polydactylous mouse mutant sasquatch (Ssq). The genetic lesions in both lie within the same respective intron of the LMBR1͞Lmbr1 gene, which resides Ϸ1 Mb away from Shh. Genetic analysis of Ssq reveals that the Lmbr1 gene is incidental to the phenotype and that the mutation directly interrupts a cis-acting regulator of Shh. This regulator is most likely the target for generating PPD mutations in human. )] is one of the most frequently observed human congenital limb malformations. Sporadic cases of PPD have been described, but most show an autosomal-dominant mode of inheritance. The limb-specific phenotype varies markedly within families, ranging from a simple addition of a phalanx in triphalangeal thumb to whole digit duplications and tibial aplasia. Using several large families, a PPD locus was mapped to a 450-kb region on chromosome 7q36, and all families described so far are linked to this locus (1-5). Recent reports suggest that PPD constitutes one aspect of a complex disease locus. Acheiropodia (6), complex polysyndactyly (CPS) (7), and acropectoral syndrome (8) are all distinct, limb-specific disorders that map to this region, suggesting that elements essential for limb development are located in this locus. Sasquatch (Ssq) is a mouse mutation that arose through a transgenic insertion (9). The mutation is semidominant, resulting in supernumerary preaxial (anterior) digits on the hindfeet in the heterozygotes. In homozygotes both fore-and hindlimbs show additional preaxial digits, and in some cases the long bones are shortened such that the limbs appear twisted. The insertion site responsible for the Ssq phenotype is physically linked to within Ϸ1 Mb of Shh.
Preaxial polydactyly (PPD) is a common limb malformation in human.
A number of polydactylous mouse mutants indicate that misexpression of Shh is a common requirement for generating extra digits. Here we identify a translocation breakpoint in a PPD patient and a transgenic insertion site in the polydactylous mouse mutant sasquatch (Ssq). The genetic lesions in both lie within the same respective intron of the LMBR1͞Lmbr1 gene, which resides Ϸ1 Mb away from Shh. Genetic analysis of Ssq reveals that the Lmbr1 gene is incidental to the phenotype and that the mutation directly interrupts a cis-acting regulator of Shh. This regulator is most likely the target for generating PPD mutations in human.
chromosome 7q36 ͉ Ssq ͉ mouse ͉ human P reaxial polydactyly [PPD (MIM190605)] is one of the most frequently observed human congenital limb malformations. Sporadic cases of PPD have been described, but most show an autosomal-dominant mode of inheritance. The limb-specific phenotype varies markedly within families, ranging from a simple addition of a phalanx in triphalangeal thumb to whole digit duplications and tibial aplasia. Using several large families, a PPD locus was mapped to a 450-kb region on chromosome 7q36, and all families described so far are linked to this locus (1) (2) (3) (4) (5) . Recent reports suggest that PPD constitutes one aspect of a complex disease locus. Acheiropodia (6) , complex polysyndactyly (CPS) (7) , and acropectoral syndrome (8) are all distinct, limb-specific disorders that map to this region, suggesting that elements essential for limb development are located in this locus.
Sasquatch (Ssq) is a mouse mutation that arose through a transgenic insertion (9) . The mutation is semidominant, resulting in supernumerary preaxial (anterior) digits on the hindfeet in the heterozygotes. In homozygotes both fore-and hindlimbs show additional preaxial digits, and in some cases the long bones are shortened such that the limbs appear twisted. The insertion site responsible for the Ssq phenotype is physically linked to within Ϸ1 Mb of Shh.
Here, we show that Ssq maps to the region on mouse chromosome 5 that corresponds to the human PPD locus. We identify mutations in a PPD patient and in the Ssq mouse. The PPD patient carries a de novo chromosomal translocation. Isolation of the PPD translocation breakpoint and the Ssq transgene insertion site revealed a similar location for these genetic disruptions within the Lmbr1 gene. We provide genetic analysis that shows that the Ssq mutation is not acting locally but in fact interrupts a long-range cis-acting regulator. This regulator operates on Shh residing 1.8 cM away, corresponding to a physical distance of Ϸ1 Mb. Consequently, disruption of Shh regulation is most likely the basis for PPD in humans.
Materials and Methods
Patient Material. The translocation patient was clinically examined, and a member of her family was interviewed for family history at the Niigata University Hospital. All studies were approved by the local ethics committee. A member of the family gave written informed consent on behalf of the patient. The PPD families used in this study are unrelated, as described (1, 4) .
Fluorescence in Situ Hybridization (FISH) Analysis.
The end sequences of PAC 123K10, BAC 111G19, and cosmid 171G2 were generated to enable alignment with the existing genomic sequence. FISH analysis using YAC, BAC, PAC, and cosmid clones as probes was performed as described (10) . Epstein-Barrvirus-mediated lymphoblastoid cell lines established from peripheral blood of the patients were treated with colcemid and harvested according to routine methods. Probes were labeled with digoxigenin-11-dUTP by using a nick translation kit (Roche).
STS Probes and Southern Blot Analysis. STS probes used for Southern blot analysis were PCR-amplified from human genomic DNA of normal control, using primers specific to the genomic sequence of a BAC clone Rp11-332E22. Probes were labeled with [␣-32 P]dCTP in a random priming reaction using the RediPrime II DNA labeling system (Amersham Pharmacia Biotech). Southern blot analyses were performed as described (11) .
Mutation Analysis and Sequencing. Primers were designed complementary to intronic DNA around all exons of LMBR1 to cover at least 60 bp on both sides of the exon. PCR products were generated from either genomic DNA cleaned with the Amicon Microcon PCR purification kit (Millipore) or treated with a PCR product presequencing kit (Amersham Pharmacia). Larger fragment sequencing used a transposon-based system (GPS-1 Genome Priming system, New England Biolabs) and plasmid DNA was made using an ABI Prism Miniprep kit (PerkinElmer͞Applied Biosystems). DNA was sequenced on an ABI-377 automated fluorescence dye sequencer, using Bigdye or dRhodamine chemistry (Perkin-Elmer͞Applied Biosystems). l To whom reprint requests should be addressed. E-mail: bobh@hgu.mrc.ac.uk.
Sequences conserved between mouse and human were also screened for mutations in familial PPD patients. These regions were: 3.7 kb adjacent to exon 5 (downstream); 100 bp at 1 kb upstream of exon 6; 230 bp adjacent to exon 6 (upstream); intron 7; intron 14; 2 kb adjacent to exon 16 (downstream ) were screened using PCR product generated from the transgene (primers GCTTCAGCTCTGTGACATACT and CAGTTTGTCCT-TCTTCTGCCC). Subsequent screening identified one as containing only one end of the transgene. DNA was made from this (Qiagen Lambda kit) and end sequence obtained. The genomic end fragment was used as a probe on the RPCI21 library (HGMP Resource Centre, Cambridge, U.K.) and PACs identified (RCPI21-542n10 and RCPI21-576b18). FISH and exon trapping (12) were conducted by standard techniques. Complete intron 5 sequence was determine by assembling HTGS draft sequence (GenBank accession no. AC058788) in combination with sequence generated from the integration sites and directed sequence to fill gaps.
Analysis of Lmbr1 Expression by Reverse Transcription (RT)-PCR.
RNA was extracted from E11.5 mouse embryos by using RNAzol (Biogenesis) and cDNA was made using a First-strand cDNA Synthesis Kit (Amersham Pharmacia Biotech). PCR primers used are specific to exons of mouse Lmbr1, except that the exon 6 primer crossreacts with the glycosylphosphatidylinositolanchored protein homologue and serves as an internal quantification control. PCR was also performed with primers to the mouse HPRT gene as a positive control. Samples were taken after 25, 30, and 35 cycles of PCR, and quantified either by Southern blotting of the gel and probing with an internal oligonucleotide or by addition of [␣-32 P]dCTP to the reaction and subsequent scanning on a Storm phosphoimager (IMAGE-QUANT package).
Genetic Cis-Trans Test.
A Shh null heterozygous mouse was crossed to a Ssq homozygote mouse to generate Shh null heterozygous mice carrying the Ssq insertion, the F 1 generation. The F 1 s were crossed to CBA wild-type mice to generate the G 2 generation. DNA from all mice was analyzed by PCR for the Ssq insertion and for both the Shh wild-type and null alleles. Primers for the Ssq insertion were CTCTGTTTCCTTTTCCTCTATC and GTATGGGATTAATTAAATCTTGTGTC, which generate a 180-bp product. The Shh PCR primers were described by Chiang et al. (13) and generated a 550-bp product for the null allele and 230-bp product for the wild-type allele.
Results

Identification of a PPD Translocation Breakpoint.
A 3-year-old girl presented with bilateral duplication of the triphalangeal thumb and triplication of the great toe without any associated abnormality (Fig. 1A) . She was found to carry a de novo reciprocal translocation t(5,7)(q11,q36). Fine mapping of the translocation breakpoint by use of FISH analysis in the lymphoblastoid cell line derived from the patient (Fig. 1C) identified a BAC clone Rp11-332E22 (GenBank accession no. AC007097) that spanned the breakpoint (Fig. 1B) . Using fragments from the BAC, a cosmid clone 171g2 was identified that spanned the breakpoint (Fig. 1B) . Sequencing the ends of the cosmid insert identified the genomic fragment as lying inside one of the genes (originally given the designation C7orf2 (5) within the genetically defined critical region for PPD. This gene is the orthologue of the mouse Lmbr1 gene (14) . Southern blot analysis of DNA from a lymphoblastoid cell line further refined the site of the breakpoint (Fig. 1D) . A number of repeat-free STSs including 13-293 and 13-479 were PCR-amplified and used as probes. This analysis showed that the translocation breakpoint is located in a 714-bp BamHI͞XbaI fragment residing between exons 5 and 6 of LMBR1 without an accompanying large deletion (Fig. 1E) . This DNA fragment consists of 95% LINES and 5% simple repeated sequence, and seems to neither encode an ORF nor contain known regulatory sequences.
Subsequently, we performed mutation analysis on the LMBR1 gene in patients. Analysis of the exons and the intron͞exon boundaries of the LMBR1 gene in five unrelated PPD families (1, 4) uncovered no pathogenic mutations (data not shown). Therefore, in the PPD families mutations interrupting either the coding region or the structure of the transcript are not apparent.
Isolation of the Ssq Insertion Site. To isolate the transgenic insertion site from the Ssq mutant mouse, a genomic library was made from Ssq͞Ssq mice. Clones were isolated using the transgene as a probe, one of which contained a junction of the transgene insertion site (Fig. 2B) . The genomic end fragment of this clone (Fig. 2B ) was used to identify mouse PAC clones which, by chromosomal FISH analysis, were shown to co-localize with the transgene (Fig. 2 A) . Subsequent exon trapping (12) of the PAC RPCI21-542N10 identified a surrounding gene. The complete sequence of the corresponding mouse cDNA was determined and is identical to mouse Lmbr1 (14) .
Subsequently, a cosmid library was made from Ssq genomic DNA and additional clones were isolated to more fully elucidate the integration site. The transgene͞genomic junction from the other end of transgenic integration was identified (Fig. 3B) . Comparison of sequence from this cosmid clone with the complete intron 5 sequence we additionally assembled defined the position of this integration. Multiple copies of the transgene have integrated, lying wholly within intron 5 of the Lmbr1 gene (genomic sites of insertion are marked by asterisks in Fig. 2B ). The process of integration has resulted in a duplication of approximately 20 kb of the intron with the transgene residing between the duplication endpoints (lower line in Fig. 2B ). The duplication was confirmed by Southern blot analysis using unique sequence probes (probes numbered 1-4 in Fig. 2B ). The surrounding DNA including exons 5 and 6 was apparently unaffected by the integration.
The consequence of the Ssq transgenic insertion on Lmbr1 transcription was analyzed. The transgene containing Lmbr1 gene encodes full-length transcripts, further supporting the proposal that arrangement of exons is unaffected by the insertional mutation. However, Lmbr1 transcription in Ssq embryos does show a high level of premature termination. The 5Ј end of the mutant Lmbr1 transcript (Fig. 2C Top) is produced at wild-type levels, but transcription of exons 3Ј of the insertion site is detectably lower, representing about 10-30% of wild-type levels (Fig. 2C Middle) . The transgene insertion apparently leads to termination of transcription between exons 5 and 6. Furthermore, we investigated for possible premature transcriptional termination in the familial PPD patients. We amplified LMBR1 transcripts by reverse transcription (RT)-PCR from RNA from lymphoblastoid cell lines of Dutch and Cuban patients, and sequenced the products. Polymorphisms in a Cuban (in exons 13 and 17) and two related Dutch (one in exon 5 and the other in exon 14) patients indicated that both LMBR1 alleles, at the 5Ј end and the 3Ј end, were capable of being The regions of the Lmbr1 gene covered by the two PAC clones (RPCI21 542N10 and 576B18) isolated. The position of the intron in the Lmbr1 gene (exon͞intron gene structure from human sequence) and the intronic repeat structure (boxes) derived from the complete sequence between exons 5 and 6 is shown. Unique sequence DNA was predicted and four probes were generated (positions shown below intronic structure numbered 1-4). The positions of transgene integration (arrows with asterisks) and the area of intron duplication (below asterisks) are indicated. The resolved structure after integration is shown (bottom line), indicating intronic duplication as defined by probes 1-4. The positions of the and cosmid genomic clones (lines underneath) that defined the integration sites are marked. (C) RT-PCR samples were removed after 25, 30, and 35 cycles. RNA is from 11.5-day embryos of wild-type (ϩ) and Ssq͞Ssq (S) genotypes; a no RNA control (0) is also included. Top and Middle make use of primer pairs specific to Lmbr1; the first is from exon 3 to exon 5 and examines expression levels 5Ј of the transgene integration. Comparable levels are detected in wild-type and Ssq͞Ssq embryos. Middle uses primers that cross the integration site spanning exons 3 and 6. With these, at 30 cycles a product is only detected in the wild-type sample. The primers used in this experiment cross-hybridize with the mouse glycosylphosphatidylinositolanchored protein homologue (closed arrowhead), which serves as positive control for the experiment and to normalize the samples. (Bottom) primers from the HPRT locus were used as positive control for RNA integrity and controls for reverse transcription.
expressed. Furthermore, an overlapping series of three PCR products covering the whole LMBR1 transcript showed no detectable difference in band size between patients and controls (data not shown), indicating that no exons are skipped in patients. These data argue that mutations disrupting LMBR1 transcriptional capacity are not commonly associated with the PPD phenotype.
Cis-Trans Genetic Analysis. We previously showed (9) an intriguing relationship between the Ssq mutation and Shh expression. The reporter gene contained within the Ssq transgene insertion has acquired a limb-specific, Shh-like expression pattern; not only in the appropriate posterior ZPA (15) , but also at an ectopic site at the anterior margin of the limb bud. It is unclear from the present data whether the mechanism for Shh misexpression involves disruption of the Lmbr1 gene and is therefore indirect or, as suggested (9), direct because of disruption of a long range Shh regulatory element. Long range regulation of Shh has been previously postulated for a translocation identified in a holoprosencephaly patient in which the breakpoint resides 250 kb upstream (16) .
To examine the basis for preaxial polydactyly we devised a cis-trans genetic test. We predicted that an Shh regulator would function in a cis-acting manner-i.e., that the Ssq mutation would affect only chromosomally linked Shh. In contrast, disruption of a gene that secondarily affected Shh expression would operate on both Shh alleles and, therefore, in trans. A mouse cross was devised to derive a recombinant chromosome 5 in which the Ssq mutation was located in cis to an easily distinguishable Shh allele (Fig. 3A) . Toward this end, we crossed Ssq͞Ssq male mice with females carrying the mutant Shh null allele (Shh null ) (13) to produce the F 1 generation. The Shh null allele provided a straightforward assay for both the genotype (Fig. 3B) (Fig. 3B Lower) . In this cross we produced 446 G 2 offspring of which eight were recombinants, representing a recombination frequency of 1.8 Ϯ 0.6%. Three of the recombinants were uninformative because they contained the wild-type alleles (Fig. 3A) . The other five recombinants carried both the Ssq insertion and Shh null allele situated in cis. Analysis of the limb phenotype in these five recombinants showed no preaxial polydactyly or other detectable limb phenotypes. In addition, we bred two males carrying the recombinant chromosome 5 (Ssq and Shh null ) with wild-type females and showed that the next generation had no limb abnormalities (21 mice carrying the recombinant chromosome of 37 offspring). On some genetic backgrounds the Ssq heterozygous mutation is not fully penetrant. In this cross 7% of the Ssq͞ϩ mice generated showed no detectable limb phenotype. Two of these Ssq͞ϩ males, which displayed no limb phenotype, were bred further and were shown to transmit the phenotype (7 with additional preaxial digits of 19 offspring). Thus the data demonstrate that the Shh null allele inactivates the effects of the Ssq mutation when located in cis (but not in trans) on chromosome 5. It follows that the Ssq insertion is a dominant acting mutation that interferes with the limb-specific expression of Shh. The data are consistent with a long range limb-specific regulator of Shh residing within or near the Lmbr1 gene.
Discussion
The mapping location of human PPD to a subtelomeric region on 7q36 is well established and the condition has been referred to as both triphalangeal thumb-polysyndactyly (MIM190605) and preaxial polydactyly type II (MIM174500). Heus et al. (5) defined an approximate 400-kb critical region and identified potential genes. One of these genes originally given the genetic designation C7orf2 (5) is the homologue of a gene identified in mouse as Lmbr1 (14) .
We show that the breakpoint for a reciprocal t(5,7)(q11,q36) chromosomal translocation in a patient with PPD resides in intron 5 of the LMBR1 gene. In addition we show that the Fig. 3 . Cis-trans genetic test. A shows the genetic cross used. A homozygous Ssq mouse was crossed to a Shh null heterozygote. The F1 mice that carry both mutations on opposite chromosomes, all of which exhibit preaxial polydactyly, were crossed to wild-type mice. The bottom row depicts the outcome of the cross. The majority of G 2 progeny were, as expected, found to be heterozygous for either the Ssq allele or the Shh null (218 and 220 mice, respectively). The mice of interest were those identified as carrying a chromosome 5 that has recombined between the Shh locus and the region of the Ssq insertion. Three had inherited the wild-type alleles at both loci and five carried the Ssq allele and the Shh null allele in cis. These mice show no additional digits and have wild-type paws. This cross results in a genetic distance of 1.8 cM between Shh and Ssq. B shows examples of the genotyping PCRs used to analyze the G 2 progeny. Lanes 1-3 are mice heterozygous for the Shh null allele. Lanes 4 -6 are wild type for Shh but carry the Ssq insertion. Mice in lanes 7-12 carry the recombinant chromosomes; 7-9 show G 2s with both Shh null and Ssq, whereas 10 -12 are wild type at both loci.
polydactylous Ssq mutation results from a transgene insertion that resides in the corresponding intron of the mouse Lmbr1. These mutational events show that LMBR1͞Lmbr1 is central to the generation of extra preaxial digits. Initially, we hypothesized that these mutations would potentially generate truncated LMBR1 protein products with corresponding deleterious effects. Indeed reverse transcription (RT)-PCR analysis of the mouse Lmbr1 transcript showed that the transgene insertion interfered with full-length transcript production. A systematic mutational analysis of PPD families, however, raised doubts that disruption of the LMBR1 protein product was a common cause for the manifestation of PPD. Analysis of lymphoblastoid cell lines from PPD patients revealed no further evidence of truncated LMBR1 transcripts and a comprehensive analysis of the coding region showed no pathogenic mutations.
To determine the mechanism responsible for the production of polydactyly from this locus, we relied on the Ssq mouse for further analysis. Previously we showed that, as occurs in several other preaxial polydactyly mutations in the mouse (17) (18) (19) , Shh is mis-expressed in an ectopic anterior site in the limb bud directly correlating with extra digits. Interestingly, the expression pattern of the reporter gene contained within the Ssq transgene reflects limb Shh expression in both the normal posterior and the ectopic anterior site (9) . These data are consistent with the Ssq locus directly affecting the expression of Shh; the Ssq mutation affecting a gene that resides at least 800 kb (1.6 cM) away. To examine this possibility, we performed a genetic cis-trans test and showed that indeed the Ssq mutation is suppressed in cis by the Shh null mutation. Thus, the data support the hypothesis that long-range disruption of Shh regulation is the mechanism for limb dysgenesis in Ssq and, furthermore, underlies the generation of extra toes in PPD.
In addition to PPD, acheiropodia (20, 21) and complex polysyndactyly (CPS) (7), two other limb-specific defects with distinctly different characteristics, map to the chromosome 7q36 region. Little is known about the molecular etiology of CPS; however, a recent report showed that the autosomal recessive acheiropodia (6) results from a small deletion within the LMBR1 gene. Acheiropodia is a severe limb-specific phenotype and, in contrast to PPD, patients present loss of all bones of the hands and feet, and the tibia is truncated distally and the radius, ulna, and fibula are lost. Affected individuals (who carry the same ancestral haplotype) show deletions in both LMBR1 alleles that remove exon 4 and Ϸ5-6 kb of surrounding genomic DNA. These data suggest that acheiropodia results from loss of function of the Lmbr1 gene (6) . Based on our hypothesis that an Shh regulator resides in the Lmbr1 gene, we propose an alternative hypothesis. The Ϸ5-kb acheiropodia deletion from within the Lmbr1 gene not only removes exon 4 but may remove surrounding cis-acting regulatory elements essential for limb-specific Shh activity. There are no mouse models for acheiropodia; however, analysis of the limb in the Shh targeted deletion has been reported (22, 23) . In accord, although the overall mouse phenotype is complex and severe, in Shh Ϫ/Ϫ mutant mice the limbs show loss of all bones of the feet and truncations of the long bones. The limb phenotype is similar to that seen in the acheiropodia patients. We suggest that, in contrast to Ssq and PPD, acheiropodia results from a limb-specific loss of Shh expression.
We propose a model (Fig. 4) in which Shh limb-specific regulatory elements arose as a discrete unit and reside at a considerable distance in the Lmbr1 gene. This regulator must detect the target gene at a considerable distance. Depending on the mode of perturbation in this region, the regulatory element is either inactivated as in the recessive acheiropodia condition or modified leading to misexpression as in the Ssq insertion. This model suggests that an element, normally a part of the regulatory domain, drives expression in both the anterior and the posterior limb regions. The anterior expression is actively repressed and it is disruption of this repression that causes PPD. Because PPD is relatively common in the human population (1), it seems likely that a number of independent mutations can interrupt the regulatory element, allowing mis-expression.
A second polydactylous mouse mutation hemimelic extra toe (Hx) was mapped to the same chromosomal region as the Ssq insertion site, and in accord, Lmbr1 was identified as a candidate gene (14) . As in the PPD families, no causal mutation in the coding region was identified for Hx. Recent reports (14, 24) suggest that the Lmbr1 gene itself has a role in Hx. Both Ssq (9) and Hx (17) effect anterior mis-expression of Shh in the early limb bud; thus, the prospect exists that Ssq and Hx are acting by different mechanisms to mis-regulate Shh. If so, these two mutations together may provide insights into a complex locus affecting Shh expression and controlling the pattern of digits in the limb bud. However, a simpler possibility remains that Hx and Ssq are allelic; further genetic evidence is required to determine this.
We have shown that mutational events can have long-range affects. In most cases such a genetic distance would argue against analysis of a gene so far removed from the mutation and would lead to the analysis of the nearest gene carrying the insertion or the translocation breakpoint. In the case of Ssq, however, the reporter gene expression hinted that a Shh regulatory element may be the basis for polydactyly, which we confirm here. This raises the prospect that other situations exist in which genetic analysis has lead to interest in a tightly linked but unaffected gene. 
